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Abstract. Thin films of Co/Ru(0001) are known to exhibit an unusual spin
reorientation transition (SRT) coupled to the completion of Co atomic layers for
Co thicknesses under 4 layers. By means of spin-polarized low-energy electron
microscopy, we follow in real space the magnetization orientation during the growth
of atomically thick capping layers on Co/Ru(0001). Capping with coinage-metal (Cu,
Ag, Au) elements modifies the SRT depending on the Co and overlayer thickness
and on the overlayer material, resulting in an expanded range of structures with
high perpendicular magnetic anisotropy. The origin of the SRT can be explained
in terms of ab-initio calculations of the layer-resolved contributions to the magnetic
anisotropy energy. Besides the changes in the SRT introduced by the capping, a
quantitative enhancement of the magnetic anisotropy is identified. A detailed analysis
of the interplay between strain and purely electronic effects allows us to identify the
conditions that lead to a high perpendicular magnetic anisotropy in thin hcp Co films.
1. Introduction
The magnetism of ultra-thin films is a fascinating field with important device
applications[1]. One remarkable effect is the film-thickness dependence of the magnetic
anisotropy (MA), and particularly the possibility of perpendicular magnetic anisotropy
(PMA) in films that are a few monolayers (ML) thick[2]. The magnetic anisotropy
energy (MAE) responsible for this effect arises from a delicate balance between
competing contributions[3, 4], including the influence of strain in the films, as well
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as interactions with the substrate. Often there is a single transition from perpendicular
orientation of the magnetic easy axis to an in-plane orientation as the magnetic film
thickness is increased. This is due to the increasing weight of the long-range dipolar
magnetostatic energy, which is reduced for in-plane orientation of the magnetization.
More unusual is the presence of successive easy-axis reorientation transitions in thin
films[5, 6]. In some thin film systems, the easy-axis is in-plane up to a critical thickness,
then it turns to a perpendicular orientation, and back again to in-plane orientation
at a larger thickness, i.e. they show a double spin reorientation transition (SRT).
This is attributed to a complex interplay of magnetic interactions influenced by atomic
structure and electronic effects. For a few systems, in particular Fe/W(110)[7] and
Co/Ru(0001)[8], it has been shown that the SRTs take place abruptly at consecutive
atomic layers. These experimental observations can be understood by means of ab-initio
calculations that take into account epitaxial strain as well as changes in the electronic
structure of the magnetic material that are induced by the presence of adjacent media
(vacuum or substrate)[8].
For a number of reasons, it is interesting to study the effects of capping the films
with more inert, non-magnetic materials such as gold, silver, or copper. Besides the
possibility of improving the environmental stability of magnetic transition metal films,
many cases have been observed where the addition of ultrathin layers of a non-magnetic
material can have important effects on the magnetic properties, and in particular on
the MA. Large PMA has been obtained for a wide variety of Co films and multilayers
formed in combination with non-magnetic layers of Pd, Pt or Au[9, 10, 11, 12, 13]. In
Co/Cu(100) films, the deposition of minute amounts of copper [14] can rotate within
the plane the weak in-plane anisotropy of the cobalt films. In Co/W(110) films, the
addition of a Cu cap produces an increase in the PMA at a Cu thickness close to one
monolayer[15]. Even adsorption of gases influences the MAE, as evident from the SRT
induced upon coverage of Co/Pt(111) films with CO [16] and from the inverse SRT
found in Fe/W [17].
Coinage-metal capping thus provides an interesting lever to control the MA of
ultrathin films. The key mechanisms that underlie the magnetic effects induced by non-
magnetic layers include crystalline structure, strain, and electronic hybridization. First,
different crystal structures of the magnetic film and the overlayer constitute a source
of strain, and they may influence the symmetry of the lattice through changes of the
stacking sequence. This may alter the MAE [18, 19, 20], as we will discuss in detail
in a forthcoming publication [21]. In addition, hybridization at the interface alters the
distribution of electronic levels and subsequently the magnetic properties of both the
magnetic film and the polarized cap material, with a direct impact on the MAE.
Some Co-based thin film systems, such as those including Cu, Au and Pt[22, 23, 24,
20, 25], have received more attention in the literature than Co/Ru [26, 27, 28, 29, 26, 30].
Nonetheless, Co/Ru is a particularly interesting prototypical system. Both substrate
and film material share the same hcp crystal structure, and the Ru lattice parameter is
closer to Co than those of Au or Pt. Furthermore this system has a peculiar double spin-
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reorientation transition, linked to the completion of atomic layers, as we showed in a
previous paper[8]. Building on the earlier observations on bare Co/Ru films, we report
here the changes induced in the easy-axis of magnetization of Co/Ru(0001) films of
different thicknesses as a function of coinage-metal overlayer material and thickness. Our
results are based on measurements using spin-polarized low-energy electron microscopy
(SPLEEM) and on fully relativistic ab-initio calculations within the screened Korringa-
Kohn-Rostoker (SKKR) method. We find that coinage-metal capping of Co/Ru films
results in SRTs that depend strongly on chemical nature as well as atomic layer thickness
of the capping layers. A summary of our measurements is shown in table 1. One
important difference between capped Co/Ru films, compared to the case of bare Co/Ru
films, is that the range of Co film thicknesses for which PMA occurs is broadened,
especially for the case of Au caps. In addition, even when the capping layer does
not induce changes in the easy-axis of the magnetization of the Co film, the Curie
temperature may change. The complicated interplay of effects leading to these results
is studied by means of calculations of the MAE which allow to separate the different
contributions (strain, hybridization, thickness) in a layer-resolved analysis. In this way
we determine the factors that lead to high PMA in thin hcp Co films.
Table 1. Measured easy-axis of magnetization for the different Co-film/capping-layer
combinations studied.
Capping material
Bare Ag Cu Au
Co thickness 1 ML 2 ML 1 ML 2 ML 1 ML 2 ML 3 ML
2 ML PMA PMA PMA PMA PMA PMA PMA PMA
3 ML in-plane PMA in-plane PMA in-plane PMA PMA PMA
4 ML in-plane in-plane in-plane PMA in-plane PMA PMA PMA
5 ML in-plane in-plane in-plane in-plane in-plane PMA PMA in-plane
6 ML in-plane in-plane in-plane in-plane in-plane PMA PMA in-plane
2. Experimental details
The experiments were carried out in-situ in two different ultrahigh vacuum low-energy
electron microscopes (LEEM). The first one is a conventional LEEM[31] equipped for
local-area diffraction studies. The second instrument is equipped with a spin-polarized
electron gun (SPLEEM[32]), which provides magnetic contrast. Both instruments have
facilities for in-situ heating (up to 2300 K) and cooling (down to 100 K) the samples
while recording images at up to video rate.
The Co films were grown on two different Ru(0001) crystals, one in each
experimental chamber. Both Ru substrates were cleaned in-situ by repeated cycles
of exposure to oxygen followed by heating to 1800 K. Both Ru substrates contained
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flat regions at least 100 µm wide with mono-atomic steps separated by more than 5
µm. The metal films (Co, Cu, Ag, Au) were grown by physical vapor deposition from
calibrated, electron-beam heated evaporators. The Co doser was charged with a bare
Co rod, while in the other dosers charges were held in Mo-crucibles. Typical deposition
rates are 0.1-1 ML/min.
During Co growth the ruthenium crystals were heated up to between 425 K and
520 K, and the pressure remained below 4×10−10 torr. The growth was monitored in
real time by LEEM. On large step-free terraces, we find that Co grows in a nearly
perfect layer-by-layer mode for at least the first 8 ML. To achieve this type of growth,
it is important to avoid substrate regions with high step density, which tend to enhance
three-dimensional growth in Co/Ru(0001) in particular[33], and in strained systems in
general[34].
The deposition of Cu, Ag, Au capping layers was done at 513 K, 490 K, and 440
K, respectively. The development of preparation schedules that result in atomically
perfect regions of coinage-metal capping overlayers on top of atomically perfect regions
of Co/Ru(0001) films again takes advantage of in-situ sample growth during SPLEEM
observation. It turns out that it is possible to grow the capping layers at relatively
high temperature, promoting step-flow growth (or the formation of conveniently large
islands). At least in the case of thicker, more bulk-like Co films, the possibility to prepare
atomically sharp interfaces and capping layers with homogeneous thickness benefits
from the fact that coinage metals are immiscible with Co in the bulk[35] and that
coinage metals have a lower surface energy than Co[36, 37]. Preventing alloying is more
challenging in the limit of monolayer-thick films of Co on Ru. These films are severely
strained and lattice matched to the substrate[33], and alloying has been observed in
the first layer of AgCo on Ru(0001), where the chemical energy cost of putting Ag and
Co atoms in contact is overcome by the elastic energy gain from the matching of the
AgCo combination to the Ru substrate lattice spacing[38, 39]. Consequently, we have
only grown Ag and Au capping layers on Co films thick enough to be fully relaxed
(at least 2 ML thick), and we did not attempt to prepare Ag or Au caps on top of
single-monolayer Co films. In case of Cu capping layers, this type of elastic energy gain
upon alloying is not expected, because Cu is nearly lattice matched to the relaxed Co
films (mismatch is 1.5%). Although surface-alloying of Co and Cu has been observed
in monolayer films on Ru[40] and may be unavoidable, we did explore the effects of
preparing Cu caps on all the Co films, including on unrelaxed Co monolayer films. In
case of monolayer-thick Co films capped by a single layer of Cu, we were unable to
detect a magnetic signal, indicating that these structures are either not ferromagnetic,
or have a Curie temperature below 100 K (that temperature is the lower limit of our
experimental setup).
SPLEEM[32] was used to monitor the easy axis of magnetization of the films. For a
spin-polarized low-energy electron beam, the reflectivity of the sample surface depends
not only on topography, chemical composition, and other factors, but also on the relative
alignment between the beam polarization and the sample magnetization. The SPLEEM
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Figure 1. Method for obtaining a SPLEEM image. A spin-polarized electron beam
is reflected off the sample surface, and a pair of images of the same sample region is
acquired. The direction of the spin-polarization of the electron beam is rotated by 180
degrees between the two images shown in (a) and (b). When a pixel-by-pixel difference
image is formed from these two images, all topographic, chemical, etc., image contrast
vanishes except for the contrast that is due to the sample magnetization. Normalizing
this difference image results in the grey-scale image shown in c), where bright (dark)
contrast reveals the strength of the component of the local magnetization parallel
(antiparallel) to the direction of the spin-polarization used in a) (+45◦), indicated by
the red arrow in the schematic axis above panel c). Field of view is 2.8 µm and the
electron energy is 7 eV.
is equipped to allow the spin direction of the electron beam to be changed to any desired
orientation[41]. By acquiring pairs of images taken with reversed spin-polarizations
(Fig. 1), we can employ pixel-by-pixel subtraction of the two images to enhance magnetic
contrast while suppressing all other forms of contrast (topography etc.). In the resulting
SPLEEM images, bright (dark) contrast indicates that magnetization has a component
parallel (antiparallel) to the spin-up direction of the electron beam. By collecting three
such pairs of images, using three orthogonal quantization axes (usually the direction
perpendicular to the surface plus two orthogonal in-plane directions), we can obtain
triplets of SPLEEM images that reflect the 3-dimensional (3D) components of the
magnetization vector in the sample surface [42].
3. Theoretical method
Calculations have been performed within a fully relativistic ab-initio framework based on
density functional theory using the SKKR (Screened Korringa-Kohn-Rostoker) method.
The main features of this approach are described elsewhere [43]. Here we only mention
those relevant for the present study. Within the SKKR formalism, the structure under
study is described as a stack of layers with a common two-dimensional (2D) lattice
parameter. Consequently, the method naturally provides the layer-resolved physical
quantities. To determine the uniaxial magnetic anisotropy of a specific structure, we
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first perform a self-consistent calculation to obtain the electronic potentials and exchange
fields, and then, applying the force theorem, we calculate the band energy term for two
orientations of the magnetization, normal and parallel to the surface. Convergence
is achieved using an energy-dependent k-point mesh that includes as many as 4 · 104
points in the irreducible Brillouin zone, so that the accuracy in the final MAE values
is 0.001 meV. The MAE is defined as the balance between the band and dipole energy
contributions:
MAE = ∆Eb + ∆Edd (1)
with
∆Eξ = Eξ[M‖]− Eξ[M⊥] ξ = b, dd. (2)
defined as the difference between energies obtained with the magnetization vector (M)
contained in the surface plane or directed along the normal to the surface. Within
this convention, a positive MAE corresponds to an easy-axis of magnetization along the
normal to the surface. The dipole energy for a particular orientation of M is obtained
from the classical interaction between magnetic dipoles in atomic Rydberg units:
Edd =
1
c2
∑
R,R′
{
mRmR′
|R−R′|3 − 3
[mR · (R−R′)][mR′ · (R−R′)]
|R−R′|5
}
(3)
where mR is the magnetic moment at site R and the sum is restricted to R 6= R′; being
a demagnetization energy, it always favors in-plane magnetization.
The structures we have modelled are thin Co films 2-10 ML thick on a Ru(0001)
substrate, either bare or covered by a coinage-metal capping of 1 to 10 ML thickness.
To understand specific effects, other capping metals such as Ru or Pt have also been
considered. As shown in table 2, there are significant structural differences between
the elements forming these structures. In our calculations, we use a common 2D lattice
parameter (a2D) for all layers of a given structure. In most cases, we use the intermediate
value corresponding to the Ru(0001) lattice, but we also analyze the effect of different
values of a2D on the main results. In order to recover the atomic volume corresponding
to each element, interlayer relaxations (∆d) were allowed. The results presented here
correspond to ∆d values of -6 % for the Co and Cu layers, and +6 % for Au, Ag and
Pt, both with respect to the Ru interlayer distance. At the metal/Co interfaces, the
nonuniform relaxation introduced in Ref. [8] is used.
The presence of an overlayer alters the local electronic properties of the Co film.
These changes affect the layer in contact with the capping, as well as, to a lesser extent,
adjacent layers. At the bare Co film, there is a surface-induced narrowing of the density
of states (DOS) at the topmost layer, which can still be observed (although much
reduced) at the layer below. After coverage with 1 cap layer, this narrowing only subsists
at the outermost Co plane, leading to local band filling effects. In general, for the noble
metal capping the hybridization between Co and overlayer modifies the shape of the
Co majority spin DOS, specially for the d orbitals with weight along the normal to the
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Table 2. Bulk crystal lattice type and corresponding 2D parameter (a2D, in A˚) at
the fcc [111] or hcp [0001] orientations for the elements forming the thin films under
study. The last row contains the nominal valence charge (Q) of each element.
Element Ru Co Cu Ag Au Pt
Lattice hcp hcp fcc fcc fcc fcc
a2D 2.71 2.51 2.55 2.91 2.87 2.77
Q 8.0 9.0 11.0 11.0 11.0 10.0
surface. Table 3 compiles the charge and magnetic moments at the Co/cap interface for a
structure formed by 2 cap layers on a Co film of 4 ML. These values are representative for
the rest of systems considered here. A cap Ru film behaves similarly to the Ru substrate,
at least for more than 1 ML cap, and the charge and moments provided in the table for
the Ru overlayer coincide with those at the Co/substrate interface. Regarding the noble
metal overlayers, the charge transfer between Co and cap is not significant, contrary to
the Co/Ru interface, where Ru atoms lose 0.15 electrons. The net magnetic polarization
induced at the overlayer is negligible, even though the distribution of electronic states
is largely affected by the hybridization with Co. On the contrary, Co attains large
magnetic moments when covered by the noble metals, with a gradual increase of the
spin moments as the spin-orbit coupling (SOC) of the overlayer becomes important.
Even higher Co spin moments can be obtained for cap metals with an unfilled d band
and high SOC like Pt, where the net magnetic moment of the structure is considerably
enhanced due to the additional polarization induced at the cap. However, there is no
correlation between the charge transfer and the induced polarization. And, as we will
show, in general neither the charge nor the magnetic moment variations can be directly
correlated to the MA.
Table 3. Charge (Q), spin moment (ms) and orbital moment (ml) for the atoms at
the Co/cap interface of a Co film 4 ML thick capped by a 2ML thick overlayer. The
magnetic moments are given in units of µB .
Overlayer Ru Cu Ag Au Pt
Q ms ml Q ms ml Q ms ml Q ms ml Q ms ml
Co 9.12 1.55 0.11 8.97 1.71 0.12 9.03 1.76 0.12 9.06 1.81 0.11 9.03 1.94 0.11
Cap 7.84 -0.01 -0.00 11.02 0.02 0.00 10.96 0.00 0.00 10.93 0.01 0.01 9.93 0.28 0.06
In the following we will concentrate on the MAE of the structures formed by
covering Co films of various thicknesses with different noble-metal overlayers.
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4. Experimental results
In strained systems, layer-by-layer thin film growth is unstable towards the formation
of 3D islands that can more efficiently relieve the lattice mismatch with the substrate.
When one is interested in the precise thickness-dependence of magnetic film properties,
3D islanding must be suppressed. In other work, the approach has often been to deposit
films at relatively low substrate temperature, where high nucleation density can be
exploited to stabilize layer-by-layer epitaxial growth. Atomic-level film-thickness control
has often been achieved in this way. However, the film surfaces resulting from such
growth usually contain a high density of atomic steps. Thus, the thickness of extended
regions of such films is usually an average quantity, in the sense that such films are
mosaics of small regions with thicknesses that deviate from the average value by one or
more ML.
With the goal to study magnetic properties of precisely thickness-controlled films,
we used a different approach to suppress 3D islanding tendencies. We have found that,
under the appropriate growth conditions, layer-by-layer growth can proceed to relatively
thick films (tens of layers), even when lattice mismatch is in the range of 5-7% [34], even
during growth at relatively high substrate temperature. Our preferred way to suppress
3D islanding is to deposit the film material on very large, atomically flat terraces. On
atomically flat regions, the formation of next-layer islands due to spill-over effects on
downward substrate steps is avoided and, as a result, layer-by-layer growth is extended
to greater film thicknesses than one would observe on rougher substrates. In this way,
we prepare well-annealed films that have homogeneous thickness and no atomic steps
across regions that are large enough to be resolved and analyzed individually in our
experiments. The magnification range and fast image acquisition of low-energy electron
microscopy allows us to rapidly scan large areas of the substrates, in order to locate
appropriate atomically flat terraces, and to zoom in and analyze homogeneous regions
of the films.
Using this method to prepare and analyze regions of essentially atomically perfect
Co/Ru(0001) films, we previously found[8] that only those films and islands with
thickness of exactly two atomic layers have a perpendicular easy axis of magnetization.
All islands or films with other thicknesses, i.e., single-layer films and films with three
or more layers, have an in-plane easy axis of magnetization (we have extended the
measurements to include all thicknesses up to 8 ML).
Depositing capping layers on top of the Co/Ru films, we find that for all
combinations of overlayer metal (Ag, Au, or Cu) and Co-film thickness, growth
conditions can be adjusted such that the overlayer metals grow in layer-by-layer mode
(excluding the cases Ag or Au on single-monolayer Co/Ru(0001), for the reasons given in
section 2). Examples of this are seen in Figures 2,3, and 4 . The capping overlayers start
covering first the lower Co level, indicating that the Ehrlich-Schwoebel barrier is not
large enough to prevent the downhill migration of the adatoms deposited on the 4 ML
islands. Only when the lower level is filled up, then the tops of the preexisting Co islands
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Figure 2. LEEM images series of the topography (left column) and SPLEEM
images of the magnetic contrast in-plane (middle column) and perpendicular to the
surface(right column), of: a) 2 ML thick continuous Co film decorated with 3 ML
thick Co islands on Ru(0001), b) capped with 1 ML of Ag, and c) capped with 2 ML
of Ag. The 2 ML Co/Ru(0001) film is magnetized out-of-plane while the 3 ML Co
islands are magnetized in-plane. The addition of the 1 ML Ag cap affects only the 3
ML Co islands, changing their easy-axis from in-plane to out-of-plane. An additional
Ag layer (cap layer of 2 ML total thickness) changes the 3 ML islands back to an
in-plane easy-axis. In contrast, in the 2 ML thick Co film we find only out-of-plane
magnetized domains, independently of the presence of cap layers. The field of view of
all the images is 7 µm, and the electron energy is 6.8, 6.0 and 6.8 eV for images a), b)
and c) respectively.
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Figure 3. LEEM images (left column) and SPLEEM images (right column,
perpendicular spin-polarization) from a movie that monitors in real time the growth
of two consecutive atomic layers of Ag on a 3 ML thick continuous Co film decorated
with 4 ML thick Co islands on Ru(0001). The sample temperature is 470 K. In the
bare Co film, (a), null-contrast in the SPLEEM image shows that both 3ML and 4
ML regions are magnetized within the plane. The first Ag monolayer, indicated in (b,
c, d), changes the easy axis only of the 3 ML thick Co areas from in-plane to out-
of-plane, as is evident from contrast in the SPLEEM images. An additional layer of
Ag, indicated in (d, e), has the inverse effect on the 3 ML Co film, inducing a change
from perpendicular to in-plane. The Ag coverage and deposition time is marked in the
figures. The field of view is 7 µm and the electron energy is 7.6 eV.
are covered with the capping layer. In 2 ML Co films, the easy-axis orientation of the
magnetization remains unchanged, perpendicular to the surface, when one or more Ag
monoatomic layers are deposited onto the Co films. The Ag capping layers do appear to
lead to an increase in the Curie temperature of the Co films. Although no attempt was
made to measure the Curie temperature carefully, we observe that magnetic contrast
disappears in bare 2 ML Co films when the sample temperature is raised above 475 K,
while the capped films show strong magnetic contrast even at 525 K. Also deposition of
capping layers of Cu or Au on top of 2 ML Co films does not change the perpendicular
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Figure 4. LEEM images (left column) and SPLEEM images (right column,
perpendicular spin-polarization) from a movie that monitors in real time the growth of
two consecutive atomic layers of Cu on a Co continuous film 3 ML thick decorated with
additional 4 ML Co islands. The sample temperature was 513 K. In the bare Co film,
(a), null-contrast in the SPLEEM image shows that both 3ML and 4 ML regions are
magnetized within the plane. The first Cu monolayer, (b, c) changes the easy axis of 3
ML film and 4 ML islands from in-plane to out-of-plane. Deposition of an additional
Cu layer, (d, e) changes the magnetization back to an in-plane orientation for both the
3 ML thick areas and the 4 ML thick islands. The Cu coverage and deposition time is
indicated. The field of view is 7 µm and the electron energy is 7 eV.
easy axis of magnetization. These observations indicate that the PMA of cobalt bilayer
films, capped or not, is quite robust.
More dramatic effects are observed when we deposit capping layers on top of
three monolayer thick Co/Ru(0001) films. We had previously reported[8] how ab-
initio calculations show that the in-plane anisotropy of these films is rather small,
0.04 mJ/m2. Indeed, we find that deposition of a single monolayer of any of the coinage
metals Ag, Au, or Cu on top of 3 ML Co/Ru(0001) results in an SRT. This effect is
demonstrated in experiments summarized in Fig. 3 and Fig. 4, where Ag and Cu were
deposited, respectively, on top of Co films with regions of 3 ML and 4 ML thickness.
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Simultaneous SPLEEM imaging with perpendicular magnetization sensitivity (i.e., with
the spin-polarization of the electron beam aligned in the direction perpendicular to the
sample surface) during the deposition of the capping layers shows how any out-of-plane
component of the magnetization is absent in the bare films, whereas areas covered with
a monolayer of Cu or Ag produce strong magnetic contrast, as seen in panels c) and d)
of Fig. 3 and Fig. 4 (see also the on-line full movies from which the frames of the figures
have been extracted). Similarly, single-monolayer Au caps on 3 ML Co films result in
PMA (no images shown here).
When thicker capping layers are deposited on the 3 ML Co films, then the different
capping materials lead to qualitatively different results. While 2 ML thick Au cap
layers still maintain PMA, bilayer capping layers of either Cu or Ag trigger a second
SRT, resulting in an in-plane easy axis of magnetization. This behavior is seen in
panels d) and e) of Fig. 3 and Fig. 4 for Ag and Cu, respectively. Quantitative
increase of perpendicular anisotropy, as a consequence of non-magnetic capping layers
has been reported before, for example for Cu on Co/W films [15]. However, our
observations of complete reorientation transitions, induced at the monolayer level by
non-magnetic capping layers, seem striking to us. This type of consecutive spin-
reorientation transitions is reminiscent of the transitions that occurs for bare Co films
when changing the Co thickness from one, to two, and to three atomic layers [8].
The consecutive SRTs in bare Co films [8] are associated with an abrupt change in
lattice spacing from the monolayer films to the thicker films. In order to investigate the
role of strain in our capped films, we used low-energy electron diffraction (LEED). In
Fig. 5 LEED patterns from 3 ML Co films are reproduced, both with and without Cu
and Ag cap layers. The LEED patterns have been acquired in-situ with the low-energy
electron microscope[44]. As seen in Fig. 5(a,b), the diffraction pattern of bare 3 ML
Co films have several satellite beams around each integer beam. These patterns can be
understood as moire´ patterns produced by the superposition of the relaxed, bulk-like
Co lattice on the underlying Ru lattice. Depositing 1 or 2 Cu layers on these Co films
does not produce significant changes in the diffraction patterns [compare Fig. 5(a) to
(b,c)]. This implies that the in-plane lattice spacing of the Cu layers is the same as that
of the bare Co films, within our error limits (we estimate error limits of the order of
2%, mostly due to the distortions produced by the imaging optics). This observation
is consistent with the idea that, as a result of the small lattice mismatch between bulk
Co and Cu (close to 1.5%), the strain state of the Co films remains almost unchanged
when Cu capping layers are deposited.
In contrast, the lattice mismatch between Co and Ag or Au is large, over 13.6%
(Ag and Au have very similar lattice parameters). The magnitude of the mismatch and
the fact that the stress is compressive (Ag and Au are larger than Co) suggest that
monolayer cap films of Ag or Au on top of Co/Ru(0001) films are likely relaxed. In
fact, Ag is known to relax partially when grown directly on Ru, by the introduction of
networks of misfit dislocations[45]. We interpret the diffraction patterns found with Ag
cap layers [Fig. 5(e,f)] as a superposition of spots corresponding to Ag, Co and Ru [see
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Fig. 5(e)]. Within the error limit, the separation of spots corresponds to the difference
of bulk in-plane lattice parameters of the three metals.
One can immediately appreciate from LEED patterns presented here that the forces
that modify the MAE in our capped Co films must include additional factors beyond
epitaxial strain. 3 ML Co capped with two monolayers of either Ag or Cu on are
magnetized in the same direction (in-plane), even though the lattice spacings inferred
from LEED for each capping material differ greatly. On the other hand, the effect of
2 ML Au capping 3 ML Co films is different from Ag, even though the bulk lattice
spacings of both capping materials are quite close.
The effect of capping layers on the magnetism of Co films with 4 ML thickness is
again richly dependent upon chemical nature and thickness of the cap layer. Ag has the
weakest effect on the MA of the Co films, as the in-plane easy-axis of magnetization of
the 4 ML Co films remains stable in case of Ag capping layers of any thickness. In the
case of Cu, a single cap layer results in PMA while Cu bilayer caps (or thicker films)
return the Co magnetization to an in-plane orientation. Au capping layers most strongly
modify the MA of 4 ML Co films, 1 – 3 ML Au caps all result in PMA.
When Co films with 5 or 6 ML thickness are capped, only Au affects the MA
sufficiently strongly to cause SRTs: 1 – 2 ML Au capping layers result in PMA, and for
thicker Au caps the magnetization returns to in-plane. Capping with Ag or Cu fails to
produce any change in the easy-axis of magnetization of 5 – 6 ML cobalt films, which
remain magnetized in-plane (as the bare 5 – 6 ML films). Finally, we have measured
the effect of cap layers on Co films 7 and 8 ML thick. At this Co thickness range, even
Au capping fails to produce PMA at any thickness.
The summary of all the observed easy-axes in the different combinations of magnetic
film and overlayer material and thickness is shown in table 1. What’s most striking is
the observation that capping layers made of the nominally non-magnetic metals silver,
copper, and especially gold, appear to enhance perpendicular magnetic anisotropy in
Co/Ru(0001)-based structures. In the following section, we discuss how this effect can
be understood on the basis of ab-initio theory.
5. Theoretical results
The purpose of the calculations is not only to explain the origin and provide quantitative
estimates of the MAE, but to define trends with respect to its complex dependence on
the different electronic and structural conditions involved. Although the coinage-metals
are all fcc metals, their different in-plane lattice parameters a2D imposes distinct strain
conditions in the Co film. Also the atomic number increase from Cu to Ag to Au
implies an increasing weight of spin-orbit effects. As we will show here, both factors
have a crucial impact on the MAE. Additionally, we will demonstrate the origin of the
MA dependence on both the Co and cap films thicknesses, even though the most relevant
MA effects occur at the Co/cap interface.
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a) d)
e)b)
c) f)
3 ML Co 3 ML Co
+1 ML Ag
+2 ML Ag+2 ML Cu
+1 ML Cu
Co
Ru
Ag
Figure 5. LEED of bare 3ML films (a,d), and the film covered with 1 and 2 ML of
Cu (b-c) and Ag(e-f), respectively. In particular note that there is no change for Cu,
within our experimental resolution, in the spot positions when an additional capping
layer is grown on top of the first. This is in contrast to the Ag capping layers – labeled
arrows in panel e) attribute different satellite spots to Ag and Co, indicating that each
material keeps its own lattice spacing (see text). The electron energies are 53 and
40 eV for images a,b,c and d,e,f respectively.
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Figure 6. MAE per Co atom for Co films of different thickness both bare and covered
by 1 cap layer of either Cu, Ag or Au.
5.1. Capping with 1 ML
We start by considering Co films of different thicknesses covered by a single coinage
metal cap layer. The summary of our results for the MAE of such structures using the
a2D of Ru is in figure 6. Notice that in the figure all MAE values are positive, indicating
an easy-axis of magnetization along the normal to the surface. The SRT is recovered
when a more realistic a2D closer to the Co lattice is used for the thickest films. We
will come to this point later. In order to compare the different structures, the MAE
has been normalized to the number of Co atoms, which being the magnetic component
provides the major contribution. However, the measurements probe the MAE of the
entire film, which in the figure would amount to 1 meV for systems with 10 ML of
Co. The dependence of the MAE on the Co thickness is governed by the ∆Eb term,
as the normalized ∆Edd is an almost constant quantity due to the similar values of the
magnetic moments and interatomic distances for a given cap element throughout all Co
thicknesses considered.
From figure 6 we first note that two different thickness regimes can be defined
concerning the effect of one cap layer: for the thinnest Co films, the MAE is considerably
enhanced with respect to bare Co, while the opposite holds for thicker Co films. Also
the differences introduced by the different cap elements are enhanced at the thin regime.
The existence of these two regimes is in the range of the interface effects. The top panels
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of figure 7 provide the layer resolved ∆Eb contribution to the MAE for the uncapped and
Ag covered films. The cases with Cu and Au show a similar layer by layer evolution as
Ag. It is evident that the largest contribution comes always from the subsurface layer.
In fact the actual value of the MAE (or of the total ∆Eb contribution) can be viewed
as a sum of two terms: a pure surface contribution, comprising about 3 layers from the
surface plane, and a contribution from the inner layers of the Co slab. In addition, the
figure proves that two types of interfaces with opposite contributions to the MA can be
distinguished: the outermost interface with either vacuum or a noble metal cap, and
the interface with the Ru substrate. As the range of the interface effects are similar for
both, the thin regime can be defined as Co films less than 4 layers thick, which can be
considered pure interface films. As a result, for these ultrathin films the MAE is highly
dependent on the adjacent media.
As shown in the lower panel of figure 7 for the case of a Ru cap layer, the lowering
of ∆Eb at the Ru interface is not due to the distance to the surface. Locally Ru reduces
∆Eb, even though the proximity to the surface tends to enhance the MAE, resulting
in two inequivalent Co/Ru interfaces for any selected Co thickness. This demonstrates
that surface effects must be considered separately from the specific interactions between
the materials in contact. Consequently, in the thin film regime, interface effects are
not identical to those of a thick film or bulk-like system. The narrowing of the DOS
at the surface changes the Co/cap hybridization that ultimately determines the surface
contribution to the MAE. The complex mixing of electronic levels induced by the spin-
orbit interaction makes difficult to provide a simple assignment of the origin of the MAE
in terms of orbital levels by visual inspection of the DOS [46, 47, 48, 49]. Nevertheless,
the actual changes are reflected in our layer-resolved mapping of ∆Eb, which shows that
while there is a gradual increase of the maximum ∆Eb contribution with the Co thickness
for the bare Co film, this trend disappears or significantly reduces in the presence of a
cap layer.
In the thick film regime, the contribution of the inner Co layers to ∆Eb provides
both an additive term and a background for the onset of the surface term. In the case
of a 2D expanded hcp Co lattice shown in figures 6 and 7, the inner ∆Eb is high and
positive, overcoming the ∆Edd contribution and leading to a magnetization normal to
the surface. Partially removing the strain of the Co film by reducing a2D towards the
Co lattice lowers the value of ∆Eb at the inner layers, and as a result, the MAE is
considerably reduced. This is shown in figure 8 both for the bare Co film and for a Cu
overlayer, the a2D of Cu being similar to that of Co. The MAE becomes negative except
for the thicker Co structures, where a further 2D compression (with the associated MAE
reduction) is expected. On the other hand, not only the layer by layer evolution of ∆Eb,
but also the local effect of the capping on the surface contributions are the same for
both 2D lattices, as can be seen in the lower panel of figure 8. Although the strain and
purely electronic effects cannot be disentangled, the ability of our computational scheme
to separate the layer contributions helps to identify their influence on the MAE. In fact,
the relationship between the MAE and the 2D lattice parameter evidenced here is in
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Figure 7. Layer resolved contribution to ∆Eb for Co films of different thicknesses (n,
in ML) either a) uncapped or covered by 1 ML of b) Ag or c) Ru. The curves of different
colors at each panel correspond to different values of n, as explained in the common
legend shown in panel c. The horizontal axis refers to layer numbers, so that each
point of a given curve provides the ∆Eb of a specific layer. Layer numbering always
starts at the substrate Ru plane closest to the interface (layer 1), and then proceeds
through the Co film towards the surface; the highest layer number corresponds to the
surface plane, be it the outermost Co layer (panel a) or the cap layer (panels b and c).
good agreement with the well-known experimental evidence of large PMA for thin Co
films and multilayers on substrates with a2D  aCo2D, like Au or Pt [50, 51, 52, 53, 54].
5.2. Thicker capping
The enhancement of the MA at surfaces is a spin-orbit effect linked to the surface
enhancement of the spin and orbital moments, which in turn are due to the band
narrowing caused by the loss of atomic neighbors. Intuitively one may expect that by
covering a surface with a thick capping would thus reduce the MA. This is in fact the
trend for most cap elements studied here (Cu, Ag and also Ru), and the onset of this
reduction can already be observed with 2 cap layers (see top panel of figure 8 for the
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Figure 8. (Top panel) Same as figure 6 for Co films either bare or covered by a Cu
overlayer 1 or 2 ML thick, using two different 2D lattice parameters (a2D): that of Ru
(a2D = 2.71 A˚) and a value corresponding to a 6% of compression (a2D = 2.60 A˚).
(Lower panel) Layer resolved contribution to ∆Eb for the case of a 10 ML thick Co
film, comparing the bare structure and that capped by 1 ML of Cu for both values of
a2D. The layer numbering follows the convention of figure 7.
Coinage-metal capping effects on the spin-reorientation transitions of Co/Ru(0001) 19
Figure 9. (Left panel) Evolution of the MAE per Co atom with the number of capping
Au layers for Co films of different thicknesses (2, 3, 4 and 6 ML). (Right panel) Same
as figure 7 for a Co bilayer covered with m Au layers.
case of Cu).
However, a different situation occurs when the SOC of the cap film becomes
important, as is the case of Au. The left panel of figure 9 shows the evolution of
the MAE for Co slabs of different thicknesses (from 2 to 6 ML) upon thickening the
Au overlayer. It is clear that the maximum MAE per Co atom is obtained with 2 Au
cap layers for any Co thickness. In addition, thicker Au cappings always enhance the
MAE with respect to the bare Co film. This enhancement is due to the large increase
of ∆Eb at the Co/Au interface. This contribution decreases only slightly for increasing
Au coverage. This trend is easily seen in the layer resolved contribution shown in the
right panel of the figure, corresponding to a Co thickness of 2 ML; similar results are
obtained for the thicker Co films. The enhancement of the MAE for a bilayer capping
can also be observed for other elements with high SOC, like Pt; however, the unfilled
d shell of Pt favors a significant induced spin polarization, and this influences the ∆Eb
contribution of the Pt layers. Similarly to the case of Ru, this contribution is negative
for thick Pt overlayers, and thus balances the high positive term from the Co interface.
The enhancement of the PMA for thick Au caps is in good agreement with the
SPLEEM measurements. In addition, we predict that the quantitative value of the
MAE per Co atom reaches its highest value for the combination of Au and Co bilayers.
Although the additive contribution of the layers provides larger values of the MAE for
the thicker films (for example, for a bilayer capping of Au, the total MAE is 0.59 meV
for 2 Co layers and 1.35 meV for 10 ML), for these structures the large 2D expansion
of the Co film can be considered artificial. As explained in the experimental section,
we expect that Au and Co tend to recover their bulk lattice parameters. As shown in
figure 8, a compression of the 2D lattice may reduce the perpendicular MA of hcp Co
films.
To further explore the effect, we have modelled a semi-infinite Co(0001) surface
covered by different thicknesses (1-3 ML) of coinage-metals. It should be kept in
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Figure 10. Same as figure 7 for the Co(0001) surface of a Co crystal either uncapped
or covered by a noble metal bilayer.
mind that Co is ferromagnetic so the exchange interaction energy is several orders of
magnitude larger that the MAE. The uniaxial anisotropy is computed using a common
magnetization axis for the surface and substrate layers. The resulting easy-axis lies in the
surface plane along the [110] direction, in good agreement with the experiments[55, 56].
The local interface effect of covering this surface with a noble metal can be seen in figure
10 for a bilayer capping. Though the surface ∆Eb terms are positive, the addition of the
∆Edd and bulk contributions brings the easy-axis in-plane in all cases. As it occurred for
the thick Co/Ru(0001) films, capping reduces the interface ∆Eb except for Au, where a
significant enhancement occurs. In fact, as compared to the other Au cap thicknesses,
the maximum value of ∆Eb corresponds to a Au capping of 2 ML. This result generalizes
the validity of the conclusions obtained here for Co films on Ru(0001). The use of the
intermediate a2D of Ru in our calculations may be taken as representative, specially for
the dominant surface contribution. In fact, a very rough model to approach the large
lattice mismatch between the Co film and the Au cap from the SKKR results would
be to take ∆Eb of the inner layers from a calculation using the lattice constant of bulk
Co and the surface contribution from an expanded case. This leads to an estimate of
the SRT for a Co film capped by 2 ML Au to occur at a Co thickness of ∼ 8 ML, in
excellent agreement with the SPLEEM measurements.
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6. Summary and conclusions
We have determined the easy-axis of magnetization of films composed of several
monolayers of Co on Ruthenium, covered with either Ag, Cu or Au. By means of
SPLEEM we have observed the changes in the easy axis in real-time and with spatial
resolution while growing the coinage metal layers. We demonstrate the possibility of a
range of structures that have perpendicular magnetic anisotropy and Curie temperatures
well above room temperature.
The resulting MA depends at the same time on the thicknesses of both the
magnetic film and the capping overlayer, and on the element chosen as capping metal.
Co films between 3 and 6 layers in thickness present consecutive spin-reorientation
transitions coupled to the completion of atomic layers, i.e., from in-plane magnetization
to perpendicular magnetization as the Co and/or overlayer thickness increases, and to
in-plane magnetization again for the thickest films. As compared to bare Co films,
capping with 1 ML of Cu and Ag expand the range of Co thicknesses for which PMA
occurs. The widest range of PMA is obtained under Au capping, where the second SRT
takes place at Co thicknesses of 7 ML for a capping of 1-2 ML of Au, or at 5 ML for
more than 2ML Au. Outside of the thickness-range where this rich magnetic behavior
is observed, Co bilayers always have perpendicular magnetic anisotropy, irrespective
of whether bare or capped with any of the coinage metals. Similarly, coinage metal
deposition on Co films thicker than 6 layers does not affect the easy magnetization axis
(though in this case the films are magnetized in-plane).
This complex behavior can be understood in terms of the layer-resolved
contributions to the magnetic anisotropy energy. Fully relativistic calculations based
on the SKKR method allow us to identify two Co thickness regimes defined by the
range of the interface effects, which we determine to comprise ∼ 3 layers from the
interface. For ultrathin films the MAE is governed by the dominant subsurface layer
contribution, which significantly increases upon capping by 1 ML of any coinage-metal.
At thicker films a different behavior of the surface contribution and that from the inner
layers can be identified. The first term is reduced with respect to the thin film regime,
evidencing the influence on the MA of the proximity to the surface region. The second
term depends on the strain conditions, PMA being favored for expanded 2D Co lattices.
The effect of the capping layer largely depends on the element chosen as overlayer,
and especially on the SOC of the cap. This is particularly evident in the dependence of
the MAE on the capping film thickness: while thickening the Cu and Ag caps lowers the
MAE, high PMA can be obtained for Co films buried under > 6 ML of Au, the largest
anisotropy corresponding to coverages of 2 ML.
Our results point to the wealth of possibilities to engineer the particular easy-axis
in nanometer sized structures that comes about when a precise control of the thickness
and structure of magnetic films is available. As a rule, the ingredients to obtain a large
PMA in Co films are an expanded 2D lattice, and a thin capping with a metal of high
spin-orbit interaction. This can be best achieved with ultrathin films.
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